The aim of the present study was to investigate the susceptibility of bacteria that play a role in respiratory tract and skin infections to the essential oils of catnip (Nepeta cataria), lemon catnip (N. cataria var. citriodora) and lemon balm (Melissa officinalis) with regard to their chemical composition. In addition, we wanted to assess whether antibiotic-resistant and -sensitive strains differ in their susceptibility to the oils and if there are cross resistances between standard antibiotics and essential oils. To evaluate the safety of topical application, cytotoxicity of the oils was studied in human keratinocyte and bronchial epithelial cell lines and irritation threshold concentrations were determined in ovo using the HET-CAM-test. The composition of the essential oils was analyzed by GC and GC-MS. Their MICs and MBCs were determined by a broth microdilution method against both reference strains from culture collections and clinical isolates with different susceptibility to standard antibiotics. Cytotoxicity was assessed by the MTT assay. Except for P. aeruginosa (MIC ≥2 %), all reference strains tested were susceptible to catnip and lemon balm oils with MIC values ranging from 0.016 % to 0.25 % (v/v). The clinical isolates were as susceptible to the oils (± 1 serial dilution) as the corresponding reference strains, regardless of their origin and resistance to standard antibiotics. The oils were cytotoxic to both keratinocytes and bronchial epithelial cells at CC 50 values from 0.0012% to 0.015% (v/v). Lemon balm oil, whose main components were monoterpene aldehydes, exhibited the highest antibacterial and cytotoxic activity, followed by lemon catnip oil, which contained mainly monoterpene alcohols, and catnip oil, which was characterized by nepetalactones. Our results provide a rationale for the use of catnip, lemon catnip and lemon balm oils in the complementary topical treatment of respiratory tract infections, as the oils show a high antibacterial activity against respiratory tract pathogens, including clinical isolates with reduced susceptibility to standard antibiotics. However, cytotoxicity must be considered in topical therapy.
sesquiterpenes β-caryophyllene and caryophyllene oxide.
Lemon balm oil is used in aromatherapy for psychovegetative disorders, whereas for catnip oil no use in modern medicine is reported. The herbs of both species have been applied as mild sedatives and spasmolytics and they are reported to relieve chronic bronchitis and to be useful as diaphoretics for the treatment of colds. In addition, catnip has been applied topically as a cataplasm to reduce swelling in bruises and to promote wound healing, especially to prevent scar formation [7] . On the other hand, essential oils are known to exert cytotoxic activities on eukaryotic cells [8] , which are caused by their ability to interact with biological membranes [9a,9b] . For lemon balm oil, an inhibitory effect on several tumor cell lines has been found at concentrations of 0.05 to 0.001% [6c] and citral, one of the main constituents of the oil, has shown cytotoxicity to skin fibroblasts and epithelial cells at the CC 50 of 0.005 to 0.016%, depending on incubation time [8c] . In addition, citral was found to act as an inductor of apoptosis in tumor cell lines [9c] similar to other essential oils and their components [9d,9e] .
Reports on the traditional use of catnip and lemon balm for the treatment of colds and coughs suggest that essential oils derived from these plants may be useful to treat respiratory tract infections. Recently, antibacterial and antifungal activity have been reported for both lemon balm oil [6b,10] and catnip oil [3b,5a] , but their activity against clinically relevant respiratory tract pathogens has not been investigated so far, although this group of bacteria has shown high susceptibility to several other essential oils [8a,11] .
For treatment of respiratory tract infections essential oils are either inhaled or they are both inhaled and absorbed percutaneously, i.e. when applied as an ointment to the chest or when used in bathing preparations. The part that is absorbed, and also after oral administration of essential oils, is eliminated from the body to a certain extent by exhalation, thus producing a local effect on the airways. Therefore, the oils used in this way come in close contact to epithelia of the respiratory tract and skin. Against this background, it is necessary to assess their cytotoxic potential, in order to adjust the dosage and application form so that the risk of adverse effects due to direct cytotoxicity is minimized.
Chemical characterization of essential oils tested
Essential oils are lipophilic, multi-component systems with a characteristic pattern of mainly monoterpenes, sesquiterpenes and phenylpropanoids. The specific combination of these compounds determines their different biological activities. To confirm the identity and pharmaceutical quality, the chemical composition of each essential oil was quantitatively and qualitatively analyzed by GC-and GC-MS methods. The results are listed in Table 1 . The oil components were identified by comparing their mass spectral data and retention indices (relative to n-alkanes co-injected) with those of authentic reference substances and literature data [2,3a,4,6,12] .
Lemon balm oil consisted mainly of β-caryophyllene (24.0%), geranial (20.3%), neral (14.9%) and citronellal (6.5 %), whereas the main components of lemon catnip oil were nerol/citronellol (31.1%), 4aα,7α,7aα-nepetalactone (20.4%), geraniol (19.9%), geranial (4.9%), 4aα,7α,7aβ-nepetalactone (4.4%), neral (3.7%), β-caryophyllene (3.7%) and caryophyllene oxide (2.3%). Catnip oil contained mainly 4aα,7α,7aα-nepetalactone (77.7%), β-caryophyllene (7.6%), trans-β-ocimene (3.3%), and caryophyllene oxide (1.8%). In summary, according to our findings, catnip oil is mainly composed of stereoisomeric nepetalactones and sesquiterpene hydrocarbons and contains only small amounts of monoterpene alcohols and aldehydes, whereas lemon catnip oil exhibits large amounts of monoterpene alcohols beside sequiterpenes and smaller quantities of stereoisomeric nepetalactones and monoterpene aldehydes. In contrast, lemon balm oil is characterized by monoterpene aldehydes (geranial/neral ratio: 4:3) and sesquiterpenes. The analytical data obtained are in agreement with those of the literature [2,3a, 3c-5b,6b,6c] .
Antibacterial activity
MIC/ MBC of respiratory tract pathogens and skin commensals: Minimum inhibitory concentrations (MIC) and minimum bactericidal concentrations (MBC) of catnip, lemon catnip and lemon balm essential oils of different bacterial species are given in Table 2 . All Gram-positive strains were susceptible to all the essential oils tested, exhibiting MIC values of 0.008% to 0.25%. The most susceptible one was Streptococcus pneumoniae with MIC values of 0.008 % to 0.03 %. Regarding Gram-negative bacteria, the enterobacteria E. coli and K. pneumoniae displayed only low sensitivity and P. aeruginosa was not affected by any of the oils tested, even at the highest concentration of 2%. In contrast, the Gram-negative respiratory tract pathogens, H. influenzae and M. catarrhalis (MIC 0.016−0.06%), were among the most sensitive of all strains tested. A. lwoffii was remarkably susceptible, too (MIC 0.03-0.25%). Whereas lemon catnip oil and especially lemon balm oil were bactericidal at the MIC against most strains, MBC values of catnip oil (especially against staphylococci) were one or two dilution steps above the MIC-values. Regarding the antibacterial activity, the oils can be ranked in the order: lemon balm oil > lemon catnip oil > catnip oil; however, the enterobacterial strains did not entirely fit into this ranking.
Antibacterial activity against clinical isolates:
In addition to reference strains from culture collections, clinical isolates of S. aureus, MRSA, S. pyogenes, S. pneumoniae, H. influenzae and M. catarrhalis (n = 12 for each strain, except MRSA: n = 3) were tested for their susceptibility to catnip, lemon catnip and lemon balm oils. The bacteria were derived from clinical specimens, such as throat, nose or ear swabs, sputum and wound swabs (S. aureus). The isolates displayed different degrees of resistance to standard antibiotics: All but two isolates of methicillin sensitive S. aureus were resistant to penicillin G and ampicillin, and six were resistant to ≥3 of 18 standard antibiotics tested. In contrast, the isolates of MRSA displayed multiresistance to ≥11 of 21 antibiotics tested, mainly to β-lactams, but also to macrolides and quinolones. Only two isolates of S. pyogenes from blood culture and a central venous catheter tip, were resistant to ≥2 antibiotics. S. pneumoniae isolates displayed susceptibility towards standard antibiotics, except for one strain, which was resistant to macrolides and tetracycline, and one showed intermediate susceptibility to penicillin and levofloxacin. Whereas half of the tested isolates of M. catarrhalis were resistant to ampicillin, none of the isolates of H. influenzae showed decreased susceptibility to this antibiotic. The results obtained with the essential oils under study are summarized in Table 3 . Remarkably, all clinical isolates were sensitive to the oils regardless of their origin and the pattern of antibiotic susceptibility. The MIC/MBC values of our clinical isolates were homogenous and did not differ from those of reference strains by more than one serial dilution. These results suggest that there is no cross resistance between essential oils and common antibiotics. The most active substance was lemon balm oil, which, however, was only in the range of 1 to 2 dilution steps compared to the other two oils tested. and lemon catnip oil exhibited bactericidal activity (log 3 reduction) against H. influenzae ( Figure 1 ) within 2 h and 4 h, respectively, comparable to the effect of levofloxacin (0.25 µg/mL). Catnip oil displayed only bacteriostatic activity within 4 h, and gave a ≥ log 2 reduction within 24 h. The essential oils tested were nearly equally effective against S. pneumoniae ( Figure 2 ): they reduced the colony number by approximately 2 log steps during 4 h and had a bactericidal effect after 24 h. Levofloxacin (0.5 µg/mL) gave a nearly identical time kill curve as lemon catnip oil. If oil concentrations of 0.13% were applied, lemon balm oil exhibited bactericidal activity within 2 h, and lemon catnip oil within 6 h, respectively, whereas the bactericidal effect of catnip oil occurred still after >8 h (data not shown).
Cytotoxic activity to human keratinocytes and bronchial epithelial cells
The CC 50 values of the test oils obtained by the MTT cytotoxicity assay are displayed in HaCaT and BEAS-2B cells were comparably susceptible to the respective oils, and cytotoxicity decreased in the same order as in the antibacterial tests: lemon balm oil > lemon catnip oil > catnip oil. Whereas the CC 50 of catnip oil was approximately 0.015% (v/v) for both cell lines, lemon catnip oil exerted an equally toxic effect, yet at the concentration of 0.003-0.004% and lemon balm oil at 0.001-0.002% (v/v). As expected from literature data [8b,8c,8e,8f], the cytotoxic effect increased with incubation time so that maximum cytotoxicity resulted after 48 h. At 4 h of incubation the CC 50 values of both catnip and lemon balm oil were still within the range of 0.01-0.05% , but subsequently the toxicity of lemon balm oil increased at a higher rate with time than the toxicity of catnip oil. 
Irritation potential in the HET-CAM test
Catnip oil, lemon catnip oil and lemon balm oil did not cause symptoms of irritation when applied to the CAM at concentrations of 25%. Subsequently, the irritation threshold concentration (ITC) was determined for catnip oil and lemon balm oil. The endpoint of evident hemorrhage within 5 min after application was obtained with both oils at a concentration of 35% (v/v). In order to compare the irritation potential of catnip and lemon balm oil to an essential oil which is well established for topical application, tea tree oil was included in the test. Its ITC was also determined as 35% (v/v).
Therapeutic considerations based on antibacterial activity and cytotoxicity data
Today, many respiratory tract pathogens are becoming increasingly resistant to common antibiotics [13, 14] . Specific problems are methicillin resistant staphylococci (S. aureus, MRSA; S. epidermidis, MRSE) and vancomycin resistant enterococci (VRE). Other problems are penicillin and macrolide resistance in S. pneumoniae, as well as β-lactam resistance in H. influenzae and M. catarrhalis, mostly due to the formation of β-lactamases. Finally, an emerging threat is posed by ESBL (extended spectrum β-lactamase) producing enterobacteria, such as E. coli and K. pneumonia, which may be involved in hospital acquired pneumonia. For the development of resistances a correlation to prescription habits and antibiotic consumption has been demonstrated. [15] . Consequently, whenever possible, alternatives to antibiotics should be used, at least for the prevention of bacterial superinfections and topical adjuvant therapy. As shown in several studies, for example with tea tree oil in the decolonization of MRSA [16] , essential oils might be among these alternative agents.
In our study, we have investigated the susceptibility of clinical isolates of the most common respiratory tract pathogens to catnip and lemon balm oils in comparison to laboratory reference strains. The good antibacterial activity of these oils, especially to the three bacterial species that are most frequently isolated from clinical specimens from the respiratory tract, S. pneumoniae, H. influenzae and M. catarrhalis [17] , is remarkable. For S. pneumoniae and H. influenzae the data are in good agreement with literature data obtained with other oils [8a,11] , whereas the susceptibility of M. catarrhalis to essential oils has not been investigated so far.
MIC/MBC values of catnip and lemon balm oils of clinical isolates did not differ in more than one serial dilution step from reference strains. Furthermore, even clinical isolates with multiple resistances to standard antibiotics displayed the same sensitivity as non-resistant isolates. These observations indicate that neither natural resistance to catnip and lemon balm oils, nor cross resistances to common antibiotics is present in the bacterial strains tested.
Essential oils differ in their mode of action from the common antibiotics and act probably, like biocides, on several target sites. Electron microscopic and biochemical studies of several bacteria (S. aureus, E. coli, Bacillus cereus) treated with different concentrations of essential oils (e.g. tea tree oil and components, oregano oil, thymol, carvacrol, eugenol) have shown that their antibacterial activity might be due to alterations in cytoplasm membrane physiology and integrity, leading to disturbances in homeostasis of pH and inorganic ions (e.g. K + , phosphate),
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respiration and energy dependent processes [18] [19] [20] [21] [22] [23] [24] . Electron microscopic investigations of S. aureus treated with different concentrations of tea tree oil have demonstrated that not only the cytoplasmic membrane is influenced by tea tree oil, but also structures within the cell, together with septum formation during cell division [22] . Other investigations suggested that essential oils may interfere with surface adherence and biofilm formation in staphylococci, possibly due to an altered composition of proteins at the bacterial surface and/or the capsular polysaccharide adhesins [25] . As S. pneumoniae expresses adhesins as well, and H. influenzae utilizes pili for adhesion to epithelia, an alteration of the bacterial surface structures would be likely to contribute to a decrease in their pathogenic potential. Recently pneumocci were shown to undergo autolysis when exposed to essential oils. This effect was attributed to the activation of its major autolytic enzyme N-acetylmuramoyl-L-alanine amidase [11c], which is also responsible for the characteristic susceptibility of pneumococci to optochin and bile salts.
The strikingly different susceptibility of Gramnegative bacteria to essential oils is probably related to the structure of the outer membrane. The outer membrane lipopolysaccharides (LPS) of Haemophilus, Moraxella and Neisseria spp. lack the hydrophilic O-polysaccharide chains (O-antigens), which are characteristic of enterobacteria and P. aeruginosa and is, therefore, probably more permeable to lipophilic substances like essential oils [26a,26b] . For P. aeruginosa, it has been demonstrated, that the outer membrane is responsible for its intrinsic resistance to tea tree oil and that permeabilization of the outer membrane may significantly increase its susceptibility to essential oils [26c] . However, besides their promising activity against pathogenic bacteria from the respiratory tract, the oils tested exhibited also cytotoxic activity in vitro to cells of human skin (keratinocytes) and bronchial epithelium, pointing to the fact that essential oils interact quite unspecifically with biological membranes [9a,9b,21] . It seems quite likely that mammalian cells that do not possess a cell wall are less protected against the action of lipophilic compounds, like essential oils, than bacteria. Based on the CC 50 classification system of Halle and Göres [26d] the cytotoxicity of lemon balm oil and lemon catnip oil can be rated as moderate, and that of catnip oil as low, which is in agreement with its low systemic toxicity in vivo. The results obtained in the HET-CAM test and cytotoxicity assay revealed that the essential oils tested were not only cytotoxic to human keratinocytes and bronchial epithelial cells, but also irritating to the chorioallantoic membrane (CAM) of the fertilized hen egg. These findings correspond very well with the assessment of the International Fragrance Research Association (IFRA), which has classified pure lemon balm oil as irritating to skin [27a] . To date, the safety of application has not been investigated for catnip oil and lemon catnip oil, as no toxicology data apart from the above mentioned LD 50 values are available. Interestingly, tea tree oil, the essential oil of Melaleuca alternifolia (Myrtaceae), gave similar results in the HET-CAM test and cytotoxicity assay as lemon balm and catnip oil: ITC-value: 35%; CC 50 -value: 0.03% for human fibroblasts and epithelial cells. Furthermore, pure tea tree oil is known as a skin and eye irritant, labelled as R36/R37 [9e, 27b] . On the other hand, several clinical trials with human volunteers and patients revealed that pharmaceutical preparations containing 5 to 10% TTO were either non-irritating or only slightly so to skin and mucous membranes [16b,28a] . These discrepant findings underscore the difficulties in transferring results from in-vitro cytotoxicity studies using isolated cells to the in vivo situation (see also [8c]). Consequently, skin irritation/tolerance tests in animals are necessary, in order to find out up to which concentration an essential oil with irritating and cytotoxic potential can be applied to skin and mucous membranes of humans or animals. Regarding catnip and lemon balm oil, the results obtained in the HET-CAM test suggest, that a concentration of 1% to 5% of either essential oil may be tolerated, when applied to undamaged skin, because both essential oils did not cause any symptoms of irritation when applied to the CAM in concentrations up to 25% (v/v). Essential oils are most frequently applied as inhalants for their secretolytic properties. Although only few in vivo evidence data are available, some essential oils and their components, such as citral and geraniol, have been shown to increase significantly volume output and soluble mucus content of respiratory tract fluid and to decrease specific gravity of mucus [28b,28c] . In vitro investigations of the antibacterial effects of essential oils in the vapor phase showed that the minimum inhibitory doses of citral and geraniol to H. influenzae and S. pneumoniae by gaseous contact were between 3.13 to 12.5 mg/L air [11b] and remarkably below the MIC values obtained in the aqueous phase. However, in vivo data about antimicrobial effects of essential oils and their components upon inhalation and, especially clinical studies, are missing. Some case reports about successful adjuvant inhalant treatment of pulmonary tuberculosis and chronic bronchitis with other essential oils [28d-28f] are quite promising and signal the need of further research in this field. For inhalation therapy, it is recommended to use essential oils in concentrations barely detectable by odor, at which the substances will probably not exert cytotoxic effects [28b,28c] . This recommendation is also true for the essential oils tested concerning the in-vitro cytotoxicity against bronchial epithelial cells.
Experimental
Essential oils: Catnip (Nepeta cataria) oil (d 1.063) was kindly provided by ALVA (Wallenhorst, Germany) and Paul Kaders (Hamburg, Germany). Lemon catnip oil (d 0.897) was obtained by hydrodistillation of dried plant material of Nepeta cataria var. citriodora for 4 h. Commercially available plants of N. cataria var. citriodora (Dehner Gartencenter, Rain, Germany) were grown in the botanical garden of Heidelberg University and harvested during flowering and dried at room temperature. A voucher specimen was deposited at the plant collection of IPMB, Heidelberg University. Lemon balm (Melissa officinalis) oil (d 0.891) was purchased from Primavera (Sulzberg, Germany).
GC-MS method:
GC-MS-analysis was performed on a Hewlett Packard 5980 Series II gas chromatograph coupled to a Thermo Finnigan SSQ 7000 mass spectrometer. The GC column was a 30 m x 0.25 mm (i.d.) capillary column coated with OV-1 (0.25 µm film thickness) and with He as carrier gas (head pressure 14 psi). Temperature program: The initial column temperature of 40°C was kept for 2 min. Subsequently the column was heated to 130°C at 6°C/min and then at 10°C/min to 300°C. Injector temperature: 250°C. Electron energy was 70 eV. Alternatively, the analysis was carried out on a Perkin Elmer Clarus 500 gas chromatograph coupled to a Perkin Elmer Clarus 500 mass spectrometer. The GC column was a 30 m x 0.25 mm (i.d.) polar BP-21 column (0.25 µm film thickness) and with He as carrier gas (flow rate: 1 mL/min). Temperature program: The column temperature was heated from 60°C at 5°C/min to a final temperature of 220°C, which was kept for 10 min. Substances were
